Abstract-In this paper we report the first high-frequency MEMS capacitive switch based on a liquid metal droplet that controls the impedance of a coplanar waveguide line. The droplet forms an RF short or open circuit depending on its distance from the transmission line. The range of the droplet movement is approximately 370,um perpendicular to the line and requires IlOV. Unlike conventional MEMS capacitive switches, this switch relies on a conformal liquid-metal contact that results in a very high on-state capacitance. Additionally, the off-state capacitance is negligible since the droplet does not load the coplanar waveguide when it is moved away from it. The switch is successfully and repeatedly actuated with IlOV and demonstrates an off-state loss of less than 0.6dB up to 20GHz, which is solely due to the transmission line underneath the droplet at 20GHz. The switch isolation is 15.7 and 21.1dB at 10 and 20GHz respectively.
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The fundamental principle of a simple shunt switch is to load a transmission line with a tunable capacitor. High and low capacitance values represent RF short and open circuits respectively. MEMS capacitive shunt switches implement these basic principles by controlling the movement of suspended beams or plates over a transmission line (e.g. bridge-type switches).
While these switches have already demonstrated very good RF performance, the required solid-to-solid contact is often quite non-ideal. It is very typical, for example, to measure a down-state capacitance that is approximately 30 -60% lower than expected [1] . This issue is due to the roughness of the contact layers and the general inability of the two solid surfaces to conform on each other. As a result, the actual contact area is only a small fraction of the apparent one. This also limits the power handling ability of the switch since it forces the switched current to transverse through a very limited area.
To large capacitance to ground is formed and the RF signal is shorted. On the other hand, when the droplet is moved away from the CPW line, it does not interact with the RF field and the signal propagates through the line with minimum loss. Essentially the loss of the switch equals the loss of the transmission line itself when no droplet is present.
B. Droplet actuation
The basic principle of the droplet actuation is illustrated in Fig. 2 and is based on the principles demonstrated in [2] , [3] , [5] . As shown in Fig. 2 , a bias voltage between the LMD and one of the actuation electrodes induces an attractive force that tends to pull the droplet closer to that electrode. Due to the small size of the LMD (100-1000 ,um depending on the design), the dominant resistive force is the contact angle hysteresis force. When an external electrostatic force is applied to the droplet the droplet contact angles change. This induces an opposite force that cancels the applied electrostatic force (please see Fig. 3 ). The contact angle hysteresis force appears due to the surface tension as shown in Fig. 3 . The maximum contact angle hysteresis force occurs when the difference between the two contact angles become maximum. The maximum (minimum) contact angle is called the advancing (receding) angle. If the horizontal component of the attractive force is larger than the hystersis force, the droplet moves.
The hysteresis force can be expressed by [6] A thin layer made of Teflon AF is then spin coated and patterned. Teflon AF is a highly hydrophobic material [7] that enables the movement of the LMD with a relatively low bias voltage. Nevertheless, the thickness of this layer was limited to IOOA since the dielectric constant of Teflon AF is relatively low (E, = 1.93).
At the end of the process, an 1-mm diameter droplet is dispensed on the testing device. The droplet is dispensed by an accurate jetting system with a tilted CCD camera described in [8] .
IV. MEASUREMENTS A. Actuation
In this work we have successfully and repeatedly demonstrated the switching of the device. During characterization, the applied voltage is increase from OV to IOV with the step of IOV. The [9] . However, the droplet remains at its position even after the voltage is removed.
B. RF Performance and Discussion
The measured devices included a 50/80/50-,um CPW line and a 1-mm diameter droplet. Devices with two different dielectric layer thicknesses (3000 and 5000A) were measured. The performance was characterized from DC to 20GHz with on-wafer probes whose effects were removed by a standard TRL calibration method. Figs. 8 and 9 show the measured offand on-state RF response respectively. In Fig. 8 we have also included the measured S-parameters of the same line when the droplet is completely removed. As this figure clearly shows the insertion loss of the switch is negligible up to 20 GHz and within the measurement uncertainty. In other words, the measured loss is solely due to the transmission line underneath the droplet. No significant differences where observed between the samples with the different SiO2 thicknesses. Fig. 9a shows the measured and simulated on-state performance for SiO2 layers of 3000 and 5000A. The measured isolation for the 3000A layer is 15.7 and 21.1dB at 10 and 20GHz respectively. These numbers are 13.8 and 18.8dB at the same frequencies for the 5000-A thick film. While the radius of the LMD is 500,um at its center, the contact area radius is 300,um. This is extracted by measuring the contact angle between the droplet and the wafer is 1430. An interesting point of the design is that an asymmetrical placement of the LMD with respect to the CPW line produces a highly undesirable response due to the excitation of the slotline mode in the CPW line. Fig. 10 for example shows the on-state response of a 600,um droplet when misplaced by I0um towards the actuation electrode (value extracted experimentally). The same figure also presents the simulated HFSS performance for the same device. As expected, symmetry is required for high-isolation performance. 
